ABSTRACT Laser light scattering spectroscopy is based on the evaluation of the frequency shift of coherent light scattered by moving particles. This makes it particularly suitable for use in light guiding systems. In this study laser light scattering spectroscopy was assessed for its ability to provide information on the motility of respiratory cilia. In vitro and in vivo measurements were undertaken with animal tracheal mucosa. The intensity fluctuations oflaser light scattered from moving cilia were analysed in terms of their autocorrelation functions to provide information on the frequency and synchrony ofbeating cilia. In vitro measurements were performed on fresh bovine trachea to estimate a safe laser power level for mucosal exposure and to test the method by defining the temperature dependence of the ciliary beat frequency. Power densities not exceeding 03 kW/cm2 were found to be the upper limit for long term exposure of the mucosa in vitro. Ciliary beat frequency showed a pronounced temperature dependence, ranging from 5-8 to 28-3 Hz over the temperature range 20-43*5°C. A maximum frequency was found at 41 50C. In vivo measurements of ciliary activity were performed in six pigs by means of optical fibres for light transmission combined with fibreoptic bronchoscopy. A ciliary beat frequency of 5 Hz was obtained; heart and breathing frequencies could be separated and identified. These results suggest that laser light scattering spectroscopy might provide a convenient method of studying the mucociliary system of the lower airways.
Introduction
One of the most important mechanisms for airway defence, the mucociliary system, produces continuous transport of mucus towards the oropharynx, thereby removing trapped or dissolved particles and gases, such as microorganisms, air pollutants, and chemical irritants. The efficiency of this clearance mechanism is based on the interrelated function of three major variables: ciliary beat dynamics, the amount of mucus to be cleared, and the rheological properties of the mucus, particularly its viscoelasticity.' One or more of these variables are altered in many respiratory diseases, causing retention of mucus and foreign materials and predisposing to further pulmonary disease. '"3 Ciliary activity has been the subject of many investigations by various methods, including cinematographical' and photoelectrical recordings.7
Laser light scattering spectroscopy has emerged as a promising method for analysis ofciliary motion, being both precise and simple. It has been used in recent years to study the diffusive motions of macromolecules in solution, bacterial movement, and sperm motility."'0 It has also been applied to cultured ciliated cells of the rabbit oviduct" and trachea,'2 but has not to our knowledge been applied to measurement of ciliary motion within the human tracheobronchial tree.
Laser light scattering spectroscopy is based on the properties of laser light: monochromaticity, coherence, and directionality. Ciliary motion is measured as intesity fluctuations due to the interference of Doppler shifted scattered light.'3 The scattered light from moving cilia is detected by a photomultiplier tube and its frequency content analysed by a signal correlator yielding the autocorrelation function of the detected photocurrents. In this way the frequency and synchrony of the beating cilia can be measured continuously.
The aim of the present investigation was to apply laser light scattering spectroscopy to measure ciliary activity and to determine the in vitro effects ofambient 539 540 temperature and the level of the laser light power on ciliary motion. We also wished to make in vivo measurements with an optical light guiding system and to compare in vitro and in vivo measurements of tracheobronchial ciliary activity.
Methods

IN VITRO MEASUREMENTS
Fresh bovine trachea was used for the in vitro experiments. It was kept in nutrient medium (Parker 199) and it was gently shaken to remove the mucus layer. The mucosa was dissected and immediately mounted in a glass cuvette (fig 1) . Temperature and humidity inside the cuvette were monitored by a thermostat regulated water circuit.
Measurements were performed with an argon ion laser (Laser Spectra Physics, model 165, 2-0 w output, 514 5 nm) with the laser light power attenuated to Svartengren, Wiman, Thyberg, Rigler the laser beam was directed towards the ciliated surface and reflected from the moving cilia. The scattered light was detected by a photomultiplier tube operating in a single photon counting mode.'" A signal correlator (Langley-Ford, model 1096) was used to analyse its intensity fluctuations and the calculated autocorrelation function G(T) was continuously available on a display and stored in a computer memory (fig 2) . Measurements lasting one minute could be performed for several hours on the same mucosal preparation. An area of 310 ym2 (about 2600 cilia4) was investigated at a measuring angle of 90 degrees.
To estimate the threshold of mucosal injury by the laser light power, measurements of ciliary beat frequency were performed on the same mucosal area as power density was gradually increased from 0 1 to 190 kW/cm2 (corresponding to 04-600 mW). The mucosal area was exposed to each power density for five minutes. A reduction in beat frequency was considered to be a threshold for an incipient adverse biological effect on the mucosa. Recordings were performed on several areas. Temperature was kept constant at 365°C.
To define the effect of temperature, ciliary beat frequency was determined continuously as the temperature of the ambient air was decreased and increased. The laser beam power was kept constant at 3 kW/cm2.
In experiments using two flexible optical fibres Laser light might be expected to cause mucosal injury. To give an estimation ofsafe levels for exposure measurements of ciliary beat frequency were performed during a successive increase in power density. The injuring effect was recorded as a decrease in ciliary beat frequency. With the mucosa mounted in air of high relative humidity ciliary beat frequency was unchanged for several hours with the argon ion laser beam attenuated to 0 1-3-0 kW/cm2. The threshold limit value for a reduction in ciliary beat frequency was observed at a power density of 30 kW/cm2 (fig 3) . At 90 kW/cm2 ciliary beat frequency fell to indeterminable values. This was interpreted as irreversible injury, as all signs of ciliary activity disappeared completely and did not reappear. The nature of the injury was not investigated but the damage is very likely to be due to protein denaturation and enzyme inactivation as a result of heat damage. When the mucosa was immersed in nutrient medium the laser light power could be increased to 190 kW/cm2 with no change in ciliary beat frequency (fig 3) . This sixfold increase in the threshold of injury is probably due to rapid dissipation of heat energy into the surrounding medium.
The autocorrelation function of normal ciliary motion was distinctly changed by the power densities that caused injury. The oscillating pattern was transformed into a continuously decreasing function, suggesting a striking decrease in ciliary beat frequency and probably uncoordinated motion in addition, a large spread in beat frequencies yielding a low degree of correlation.
We may infer from our results that power densities of the laser beam not exceeding about 0-3 kW/cm2 (corresponding to 1 mW), far below the threshold of injury, might be safe for long term exposure of in vitro mucosa. This is in accordance with published recommendations, where the safety level for direct ocular exposure is set at a laser beam power of 1 mW.2 For in vivo measurements the argon ion laser was replaced by a helium-neon laser. The laser beam power was reduced a thousandfold further (to I pW). Heat dissipation may be very different in vitro from in vivo, for in vivo the mucus layer and capillary circulation may help to dissipate heat energy and in this way protect the mucosa. By increasing the temperature of the ambient air from 20°C to 30°C ciliary beat frequency increased 2-5 fold and a further temperature increase to 40°C resulted in a fourfold increase in ciliary beat frequency. As temperature was increased further the ciliary beat frequency passed through a maximum at 415C. Above this temperature there was a slight fall in ciliary beat frequency and above 43T5C the values were indeterminable. This is likely to be due to thermal tissue damage.
Our results on the dependence of ciliary beat frequency on temperature are close to those obtained by other investigators using various methods. 4 21-23 The bovine tracheal mucosa in our study contained ciliated cells, secretory cells, and nerve terminals without a mucus layer. In these conditions change in ciliary activity might result from a direct action of temperature on ciliated cells or indirectly from the effect of temperature on secretory cells or nerve terminals. For in vivo measurements the argon ion laser was replaced by a helium-neon laser incorporating an optical light guiding system. The pig was chosen as an experimental animal because its airways are large enough to allow examination with a standard flexible fibreoptic bronchoscope, and because its respiratory mucosa is similar to that of man. 24 The in vivo assessment of the ciliary beat frequency was more difficult as a result of the heart and breathing movements. These, however, could be distinguished in the autocorrelation function when measurements were performed at locations within the tracheobronchial tree where one of them was predominant. It might be possible to avoid this kind of interference by adding a frequency spectrum analysis by fast Fourier transform (Thyberg et al, work in progress). In the present 546 investigation measurements of ciliary activity were also performed on the trachea immediately after its surgical extirpation. In these circumstances the interfering heart and breathing frequencies, as well as the examiner's own movement, were eliminated. The natural mucus layer covering the ciliated surface in vivo was expected to be intact in this preparation. In vitro the bovine mucosa was expected to be free from mucus as mucus production and the speed of mucus flow are known to decrease and cease within five to ten minutes of extirpation of the trachea,4 while cilia are still beating. Furthermore, the bovine preparation was gently shaken in nutrient medium to remove the remaining mucus. We assume therefore that the light was reflected from the moving cilia alone ( fig 5) ; but in vivo the laser light is likely to be reflected from the mucus layer rather than from the beating cilia alone. This mucus wave frequency, however, depends on the underlying ciliary beat frequency. Despite the presence of mucus in vivo, the shape of the autocorrelation function was similar to the shape obtained in vitro without mucus (figs 5 and 6).
A ciliary beat frequency of 5 Hz was obtained in vivo and in the extirpated trachea in vitro (fig 6) . This value was lower than was expected for in vivo conditions, possibly owing to pharmacological depression by the anaesthetic agents2526 or to lack of accurate control of local temperature. In vivo ciliary motility might also be reduced by the load of mucus.
By comparison with other methods that have been used to determine ciliary movement, laser light scattering spectroscopy offers several advantages. Firstly, the frequency and synchrony of ciliary beat may be measured and analysed in vitro. Secondly, the dynamics of ciliary motion can be determined rapidly and with high sensitivity by the single photon counting technique. Thirdly, the method provides a survey of a large number ofcilia, as a spectrum ofbeat frequencies can be recorded simultaneously from thousands of cilia for a suitable time interval. Lastly, the method is based on 
